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In the present study, the effect of polyacrylamide (PAM) addition as a drag
reducing agent on the hydraulic performance of water flow inside horizontal
smooth circular pipe was investigated experimentally and statistically. Several
experiments were performed under various operating circumstances such as
fluid flow rates (Q) at the 6,8,10 L/min, concentrations (C) of 10,100, 200 ppm,
and temperatures (T) of 30, 40, and 50°C. The main aim of this study was to
establish the correlation between Darcy friction factor (f) and C, Q and T using
response surface methodology (RSM). Different models were evaluated based
on a series of quality indicators and charts. Some of the indicators that were
investigated in this study include standard deviation (Std. Dev.), coefficient of
determination (R2) and coefficient of variation (C.V). After checking the quality
indicators and charts for different models, the quadratic model was selected as
the optimal model. The values of Std. Dev, R2 and C.V for the quadratic model
were 0.0011, 0.9856, and 3.18%, respectively. The most optimum f'is 0.022. At
a temperature of 30°C, this condition was achieved in samples at C=182.111
ppm and Q = 10 L/min.
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1. Introduction

Adding a minor quantity of high molecular weight polymer in a fluid can significantly decrease frictional drag in
turbulent flows within pipes or ducts. This phenomenon, referred to as friction reduction, was initially documented
by Toms in 1948 [1]. After then, friction reduction has received increasing attention as it has become widely used in
industry. Polymer additives are useful in a diversity of usages, containing very long-distance transportation of liquids,

firefighting processes and domestic plumbing. To gain a deeper insight into the observed phenomenon, several
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investigations have been operated regarding the reduction in resistance attributed to the polymer in turbulent flow.
The first empirical investigations on this topic were conducted by Toms [1] and Virk [2]. Virk demonstrated notable
differences in the behavior of polymers under laminar and turbulent flows. Although no reduction in friction was
monitored in laminar flows, a remarkable reduction was achieved in turbulent flow. He was the pioneer in
demonstrating that a maximum limit for friction reduction exists, which is not influenced by both the diameter of the
pipe and the type of polymer used in turbulent pipe flow; this limit is known as the Virk asymptote. Several
investigations indicate that the ability of polymers to reduce friction in turbulent flow significantly influenced by
several factors, including the molecular weight (Mw), type and concentration of the polymer, the polymer
degradation, the preparation type of the solutions, the solvent characteristics, the solution temperature and etc. [3].
Following the initial observations regarding friction reducing polymers, numerous examinations have been conducted
in this field.

Kim et al. [4] examined the influence of concentration (1, 5, 10, and 20 ppm) and molecular weight (Mw) of
polyethylene oxide (PEO) as a drag reducing agent (DRA). A maximum drag reduction of 50% was recorded at a
concentration of 20 ppm and an Mw of 4x10°. They also declared that the rate of drag reduction improved as the
Reynolds number (Re) and the Mw of the DRA increased. Raei and Peyghambarzadeh [5] conducted an experimental
investigation on drag reduction. The study involved a comparison of the efficiency of three biological
macromolecules, namely xanthan gum (XG), carboxymethyl cellulose (CMC), and guar gum (GG), alongside three
synthetic macromolecules, which included polyacrylic acid (PAA), PEO, and PAM. They showed that all drag
reduction (DR%) were increased by polymers except GG. Increasing the fluid flow rate resulted in a decline in DR%
for nearly all macromolecules. Sung et al. [6] compared PAM and PEO polymers under various working conditions,
ultimately determining that PAM exhibits higher shear resistance compared to PEO. This macromolecule has been
suggested as a superb additive for applications involving long-period transportation.

From very recent research, references [7-14] can be mentioned. Various investigations have been conducted on the
drag reduction properties of PAM in different devices, which have sometimes reported contradictory results. On the
other hand, some studies [15, 16] have stated that due to the high mechanical strength of PAM chains, their DR does
not decrease over time compared to other macromolecules. Thus, PAM has been selected in preference to other
polymers for the current research. Table 1 presents a summary of various studies conducted on DR using PAM under
different operating conditions. As displayed in Table 1, the maximum DR% of PAM was viewed by Sitaramaiah &
Smith [17] and Jouenne et al. [ 18] by 80% while the minimum DR% was gained by Raei et al. [19] that was negligible.
A compilation of review articles concerning the DR of polymer solutions can be found in references [20-26]. One
significant challenge associated with the usage of polymers in friction reduction applications is the degradation of
these polymers. This problem is the result of high shear stress in turbulent flow, which can lead to important damage
to the polymer's ability to reduce friction. References [3, 27-33] have studied the mechanical degradation of polymers.
Although numerous studies have been conducted on the DR, but its concept remains not entirely comprehended. As
stated by Virk et al. [34], DR follows two mechanisms depending on the type of polymer: in the first mechanism,
polymers remain coiled at rest. These polymers necessitate a specific degree of turbulence to stretch and subsequently
begin to decrease drag. In the second mechanism, the polymers remain in an extended state when at rest. In other
words, if the second mechanism is prevailing, DR is expected to be initiated more rapidly. The mechanism of DR for

PAM solutions is evidently categorized as the second mechanism. The viscoelastic characteristics are more efficient
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in decreasing turbulence than the viscous force generated in the fluid [35] , and linearization of the structure of the
coiled molecules is an efficient element in DR although investigations have exhibited that elastic effects could
decrease drag [35, 36].

Few studies have been done to provide equations to predict the friction factor of DRA. Also, rarely has statistical
analysis been done in the field of DR. Ozmen and Boersma [37] have introduced an empirical equation to estimate
the Darcy friction factor as a function of Reynolds number and polymer concentration for PAM in turbulent flow.
Cheng et al.[38] have investigated statistically the drag reduction property of a premixed slurry drag reducer using
RSM. Using the Taguchi method, Raei [39] has studied statistically the drag reduction property of polyacrylonitrile
(PAN) in circular pipes.

Table 1. Comparison of using PAM as a DRA in single phase flow in previous experimental studies

Reference Base fluid Experimental system Operating conditions Max DR%
. - Re: 200 —1400
Varnaseri et al. [40] Distilled water Compact heat exchanger C: 0150 ppm 14
L . . Nre >3x10°
Sung et al. [6] Distilled water Rotating disk apparatus C: 10 -50 ppm 29
Sitaramaiah and Smith . . Q: 0.45-4.3 m’h
[17] Distilled water Pipe flow C: 100-1000 ppm 80
. . Re: 85,000-110,000
Sandoval et al. [41] Filtered water Pipe flow C: 25-200 ppm 70
. Re: 18,000 — 40,000 .
Raei et al. [19] Water Double tube heat exchanger C: 0-100 ppm Negligible
Pereira ct al. [15] Water Axial symmetric double gap R?:: max 1360 2
geometry C: max 37.5 ppm
. . . . Nre >3x10°
Lim & Choi [42] Water Rotating disk apparatus C: 135 ppm 16
Rectangular flow channel Re: 48.000
Liberatore et al. [43] Tap water ilvz\ﬁng a flat wall and a wavy C: 200-1000 ppm 58
Khadom & Abdul-Hadi . L Re: 6,064-36,388
[44] Crude oil Pipelines C: 1050 ppm 40.64
.. Re: max 561,438
Jouenne et al. [18] Water Pipelines C: max 2,000 ppm 80
Andrade et al. [45] Water Rotatlng cylindrical double R?:: 1,360, 1,570 24
gap device C: 50 ppm
Varnaseri and - . Q=0.5-20 L/min
Peyghambarzadeh [46] Distilled water Pipelines C: 10-150 ppm 50
Liu et al.[47] Water Two-dimensional (2D) R-.ez 4000, 60,000 50.15
channel C: 60 ppm
Varnaseri and . . Re: 650, 1,500
Peyghambarzadeh [48] Distilled water Finned tube heat exchanger C: 0100 ppm 12
L . Re: 15,000- 35,000
Rho et al. [49] Distilled water Pipe flow C: 200 ppm 60
. Re: 12,400- 19,500
Den Toonder et al.[3] Water Pipe flow C: 20 ppm 61
. Tab water& . Re: 18,280
Karami et al. [33] Deionized water Pipe flow C: 10 =50 ppm 60
Filtered water . Re: 80,000-105,000
Sandoval et al. [16] Pipe flow C: 100&200 ppm 70
. Tab water& .. Re: 2,000-70,000
Mohsenipour et al. [50] Deionized water Pipelines C: 100-1000 ppm 75
. . Re: max 140,000
Lietal. [51] Water Pipelines C: 50-200 ppm 52

The main purpose of present research was to establish the correlation between Darcy friction factor (f) and
concentration (C), volume flow rate (Q) and temperature (7) using the response surface methodology (RSM). Also,
the other purpose of the current study is to examine the impact of C, T'and Q on the drag reduction property of PAM
in the turbulent flow regime and also the statistical analysis of the results. Providing an equation to predict the f of

polymeric solution and comparing it with other equations in the literature was the other goal of the research.
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2. Experiments

2.1. Materials

In this research, distilled water (DW) employed as the base fluid. This research is fundamentally done by measuring
the pressure drop before and after dissolving polymer to the pipe under different operating conditions. Table 2 exhibits
the specifications of PAM, (supplied by Sigma-Aldrich). PAM, represented by the chemical formula (CsHsNO) n, is
a water soluble polymer that consists of acrylamide monomers or a combination of acrylamide and acrylic acid
monomers. The Mw of commercial PAM varies between 10° and 107 Da. High Mw PAM (>10° Da) has a wider range
of usages resultant its high viscosity, drag reduction abilities and water retention properties [2, 52, 53].The drag
reduction characteristics of PAM are attributed to the elongation of the polymer, which debilitates the quasi stream

wise vortices inherent in turbulent flow [54, 55].

Table 2. Specifications of PAM used in this study

Name . . Viscosity (0.5% . pH
) Chemical Structure Mw (Da) Surface Moisture solution, cP) Purity value
Polyacrylamide, O+ NH2 -
(C3HsNO) 5x106 White Finely |5 g, 280 99% 6
granule
n

2.2. Experimental setup and procedure
Utilizing the experimental apparatus employed in our previous studies [5, 39], we investigated the impact of the PAM

on pressure drop. Fig. 1 illustrates the schematic of the experimental apparatus.

Manometer
Pipe1
Tin f - o T out
Pipe2
Flowmeter . Heat Exchanger
Recycle Line
2 nk
Main Line
: r Heating Element
Pump

Fig. 1. Schematic of the experimental setup

The diameter and length of the circular pipe (test section) are 0.0127 and 3 m, respectively. (The apparatus is equipped
with another pipe with a diameter of 0.01905 m, which is not used in present study). The test loop contained one
reservoir tank, centrifugal pumps, a digital thermostat controller with proportional-integral derivative (PID)
controller, metal valves for opening and closing the flow paths, a heater, a U-shaped manometer, flow meters, and a
control box. The differential manometer, which possesses an accuracy of +1 cm-H,O, measures the variation in fluid
height between the two columns of the manometer, thereby indicating the pressure drop across the two ends of the
pipe. The pressure drop resulting from the T-junction was determined and subsequently subtracted from the pressure

drop indicated by the manometer. To hinder heat loss to the surrounding, the entire system, with particular emphasis
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on the pipes, was completely insulated. The output fluid from the test section is cooled to the initial temperature using
a heat exchanger before returning to the storage tank. More details and explanations of the experimental set up are
given in references [5, 39]. Research assumptions include the following: PAM solution homogeneously distributed
in the test section, steady state conditions are established and PAM concentration is assumed to be uniform and
constant.

The alterations in viscosity play a crucial role in the investigation of drag reducing polymers (DRP). Consequently,
the viscosity of the polymeric solution was measured using an SVM-3000 viscometer from Anton Paar, Austria.
Additionally, to achieve more reliable results, the viscosity of distilled water (base fluid) was initially assessed and

compared against standard values, yielding an error of approximately £2.8%, which is considered acceptable.

2.3. Data reduction

The Darcy Weissbach equation shown in Eq. (1) is utilized to specify the experimental friction factor.

2D [ AP
=T (1)

where f'is Darcy friction factor, 4P is the pressure drop of the pipe (Pa), L is the length of the pipe (m), D is the inner
diameter of the pipe (m), s the fluid density (kg/m?), and u is the fluid velocity in the pipe (m/s). The pressure drop
resultant the fixed tees at the start and end of the test section, calculated from Eq. (2), is reduced from the pressure

drop gained with the differential manometer.

2
u

h =k— ()
f.loss 2g
where £ is the pressure drop coefficient for T-junction equals to 0.4 [56], and g is the acceleration of gravity (m/s?).

The DRP’ effectiveness is defined quantitatively by DR%. DR% was explained as the relative difference between the

friction factor of polymeric solution (f;,) and the friction factor of the solvent (fy), as:

[-2)
DR% =| 1--£ |x100 3)
S

The impact of friction reduction augments with a rise in polymer concentration, ultimately approaching an
asymptotic! value. Dissolving further polymer does not influence this value. Virk [2] derived the below equation

indicating that the friction reduction is unaffected by the characteristics of the polymer.
C,=058Re > )

where Cris Fanning friction factor.
The accuracy of the experimental apparatus was verified by applying distilled water as the working fluid. The

outcomes of the tests were compared with the of the Blasius and Colebrook equations [56] thusly:

0316
/= )

0.25
Re

! Maximum drag reduction (MDR) asymptote
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where ¢ describes the carbon steel tube’s roughness as 0.05 mm [56].

The range of operational variables and their uncertainties in this study are outlined in Table 3. The uncertainties
associated with the variables were determined in accordance with the methodology outlined by Moffat [57]. The
maximum uncertainty for the Darcy friction factor was 5.9%. Also, to validate the outcomes of some experiments,

they were conducted again, and the repeatability of these outcomes was acceptable.

Table 3. The range of operational parameters and their uncertainty

Parameters symbol | unit Range Uncertainty
Inlet temperature T °’C 30-50 +0.1
Flow rate Q L/min 6-10 +0.1
Concentration C ppm 0-200 0.1%
Reynolds Re - 10,200-30,000 2.5%
Pressure drop AP Pa 8,714-1,951 3.1%
Darcy friction factor f - 0.0216-0.0518 5.9%

3.RSM

Response surface methodology (RSM) is a design of experiments (DOE) approach utilized in various engineering
applications. It is the method applied to determine the effect of the input parameters on considered responses in
association with statistical and mathematical approaches [58-60]. The input parameters are typically designated as
independent variables, while the execution scale is referred to as the response [61]. The current study focuses on the
development of a regression model for approximation, utilizing empirical data on the friction factor to forecast
response variables through RSM, employing Design Expert software version 13.0.0. The capability and reliability of
the developed regression model have been examined using the analysis of variance (ANOV A) statistical method. The
sum of squares pertains to the source of variance. The degrees of freedom are the sum of the levels considered in the
test minus one. The ratio between sum of square values of every factor and its respective degrees of freedom is
regarded as mean square. The F ratio is identified as the ratio between the mean square of each factor and the mean
square of the residual. The ANOVA approach was employed to evaluate key components, including the coefficient
of variation (R-square), Fisher’s test (F test), and probability values (P value). These variables are crucial for

predicting the suitability of the models developed through regression analysis.

4. Results and discussion

4.1. Validation of the experimental setup

To verify the accuracy of the results of the experimental apparatus, the outcomes of the friction factor calculation are
compared with the outcomes of the famous equations. Outcomes demonstrated there was an satisfactory consistency
between the experimental findings and calculating the Blasius and Colebrook [56] equations with AARD?% of 16%,
and 12%, respectively. The results indicate a satisfactory agreement between the experimental outcomes and the
theoretical predictions, thereby confirming the validity of the outcomes obtained in this research.

4.2 Statistical analysis

2 Average Absolute Relative Deviation (AARD)
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Data were collected from 27 experimental tests. In the modeling process, three factors influencing the Darcy friction
factor (f) were identified: concentration (C), temperature (7), and flow rate (Q). The aim of the research is to obtain
a relationship to forecast the friction factor of the PAM as drag reducing agent. Therefore, there is a response variable
here that is /. Various models are analyzed to identify the best one. Table 4 offers additional details regarding the

response variable.

Table 4. Response characteristics in friction factor modeling
Response | Name | Units | Observations | Minimum | Maximum | Mean | Std. Dev. | Ratio | Transform
R1 f - 27.00 0.0216025 | 0.0518749 | 0.0350 0.0075 2.40 None

Table 5 presents the p-values, Adjusted R2, and Predicted R? values for the linear model, two-factor interaction (2FI)

model, as well as the quadratic and cubic models that were evaluated in the analysis.

Table 5. Summary of statistics for the various models

Source | Sequential p-value | Adjusted R*> | Predicted R*
Linear <0.0001 0.8886 0.8672
2FI 0.6640 0.8814 0.8526
Quadratic <0.0001 0.9780 0.9594 Suggested
Cubic 0.3917 0.9696 0.9361 Aliased

The sequential p-value column denotes the importance level of each model term as they were sequentially added to
the model. It quantifies the probability of achieving the recorded data or even more extreme results under the
assumption that the null hypothesis holds true. A p-value less 0.05 demonstrates that the term is statistically
significant, indicating its influence on the variability of the response variable [62]. The adjusted R? value reflects the
proportion of the overall variance in the dependent variable that is described by the model, while also considering the
quantity of independent variables included. An increased adjusted R? value implies a better fit between the model and
the data. The predicted R? column indicates the expected proportion of variability in future observations that the
model is capable of explaining. A higher predicted R? value implies that the model is anticipated to exhibit strong
performance when utilized with new data. From this table, we can see that the quadratic model has the best adjusted
R? (0.9780) and predicted R? (0.9594), which displays that it is the most accurate model to supply the best fit to the
data and to forecast the response variable. Table 6 presents the findings of the ANOVA analysis conducted for the

quadratic model. Mentioned table is associated to the significance of each parameter.

Table 6. ANOVA outcome for the suggested quadratic model

Source | Sum of Squares | df | Mean Square | F-value | p-value
Model 0.0015 9 0.0002 129.66 | <0.0001 | significant |
A-C 0.0006 1 0.0006 468.23 | <0.0001
B-Q 0.0001 1 0.0001 67.96 | <0.0001
C-T 0.0007 1 0.0007 538.69 | <0.0001
AB 9.955E-07 1 9.955E-07 0.8005 0.3834
AC 4.448E-06 1 4.448E-06 3.58 0.0758
BC 5.323E-06 1 5.323E-06 4.28 0.0541
A? 0.0001 1 0.0001 57.15 | <0.0001
B 1.207E-07 1 1.207E-07 0.0971 0.7591
C? 0.0000 1 0.0000 33.76 <0.0001
Residual 0.0000 17 1.244E-06
Cor Total 0.0015 26

The importance of the modeling is evident from the substantial value of F, which stands at 129.66. P-values symbolize

the statistical aspect of the model, and where values are less than 0.05 implies the significance of this parameter, and
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parameters with P-values greater than 0.1 have little significance. Consequently, it is possible to eliminate the
insignificant components of the model.

Table 7 displays the fit statistics for the quadratic model. The table denotes that the Predicted R? value of 0.9594
nearly matches the adjusted R? value of 0.9780, with a difference of less than 0.019. This indicates that the model can
be trusted upon for predicting future observations. The adeq precision assesses the model's quality by comparing the
variation present in the data with the variation anticipated by the model. A ratio exceeding 4 is deemed acceptable,

and the calculated ratio of 41.1305 suggests that the model is suitable for investigating the design space.

Table 7. Fit statistics for the quadratic model
Std. Dev. | Mean | CV % R? | Adjusted R? | Predicted R? | Adeq Precision
0.0011 0.0350 | 3.18 | 0.9856 0.9780 0.9594 41.1305

Incorporating the experimental data into the RSM processing model allows for the derivation of an equation as

presented in Eq. (7).

f =-0.025608 — 0.000102C — 0.000160Q + 0.0030607 —1.51521 x 10°° CQ — 6.40540 x 107 cr o

~0.00003307T +3.82587x 10" C” +0.0000350Q" — 0.0000267"
The equation, represented in terms of its actual factors, can be employed to forecast the response at specified levels
of each factor. The original units for each factor should be specified at the levels. This equation should not be utilized
to determine the relative influence of each factor. The influence of C, T'and Q on friction factor of PAM drag reducing
agent is illustrated in Fig. 2. This plot, which is a perturbation in terms of the mentioned factors, displays that the Q
has the least impact on f, while the other two parameters had further effect. The mentioned outcomes are in agreement
with the results of Raei [39] who reported that the C has the largest contribution in DR of PAN in circular pipes and
the contribution of Q and T factors is less.

Perturbation

0.06 — Factor Coding: Actual

f

0.05 — Actual Factors
A =105

B=28

el 0.04 —

0.03 —

0.02 —

T T T T T
-1.000 -0.500 0.000 0500 1.000

Deviation from Reference Point (Coded Units)

Fig. 2. Perturbation curve for effective factors

The consistency of the results derived from the established relationship for f, in conjunction with the experimental
data obtained, is illustrated in Fig. 3. The low deviation of the data from the bisector shows that the experimental data
and the acquired data from the suggested correlation are placed next to each other with a satisfactory difference,

which shows the high accuracy of the correlation.



B. Raei/ Chemical Process Design, Vol.4, No.1 (2025) 44-59 51

Predicted vs. Actual
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Fig. 3. Comparison of predicted and actual values

In a normal probability plot of residuals (Fig. 4), the alignment of data points along a straight line indicates that the
residuals follow a normal distribution. If the data points create an S-shaped curve, it indicates that the data does not
follow a normal distribution, necessitating a modification of the mathematical model. The normal probability plots
of the experimental data reveal that the residuals are symmetrically distributed around the straight line, with the data
points closely aligning with the line. This observation suggests that the residuals of the experimental data conform to

the assumption of a normal distribution.

Normal Plot of Residuals

f

7 (Color points by value of
95 f 4
g0 00216025 I 00518749 o

Normal % Probability

T T ! I I T T
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Externally Studentized Residuals

Fig. 4. Normal distribution curve versus residual values

The evaluation of the assumption of constant variance can be conducted by examining the relationship between the
predicted values and the residuals. The assumption of constant variance in variance analysis is upheld when the
residuals are limited to a specific range. Conversely, if the residuals exhibit an increase with the increase of the
predicted values, this assumption is violated, necessitating modifications to the model. The analysis of the friction
factor residuals and predicted coefficients presented in Fig. 5 indicates that the experimental residuals are uniformly

distributed within the range of = 3.72. Furthermore, there is no observable trend of divergence in the variance of the
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experimental values as the predicted values increase. So, the experimental values satisfy the assumption of constant

variance.

Residuals vs. Predicted
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Fig. 5. Curve of predicted and remaining values

The randomness hypothesis may be evaluated by analyzing the relationship between the sequence of runs and the
residuals. If there is an obvious time-related trend in the relationship between the sequence of runs and the residuals,
it shows that the response includes time-related variables, and the experimental design requires to be modified;
otherwise, the data is randomly distributed. Fig 6 illustrates that the residual data falls within the range of + 3.72,
indicating a clear randomness in the relationship between the running time and the residual data. So, the variables are

not influenced by time elements and meet with the randomness hypothesis.
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4.2. Impact of the factors and interactions
Factors A and B interact when changes in level A change the effect of B and vice versa. The total number of
interactions is n(n-1)/2 for “n” control factors in a design of experiment (DOE). Here, three interactions are caused

by three control factors. The criterions for the significance of an interaction are known as P-value and F-value for
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understanding the effect of two individual factors at different interaction levels. According to Table 6 (ANOVA), T
and Q possess the highest F-value (4.28), which is equivalent to having the most interaction. Also, to show results
visually to examine the simultaneous influence of two parameters on the friction factor, the f curves versus Q and C,

the f'versus C and T and f'versus Q and T are displayed in Fig. 7(a, b, ¢).

(a)
Factor Coding: Actual 3D Surface

f

Design Points:

@ Above Surface
O Below Surface

00216025 [ 0.0518749

X1=8
X2=A

Actual Factor
C=40

B: Q (lit/min)

AC(ppm)

(b)
Factor Coding: Actual 3D Surface

f

Design Points:

@ Above Surface
O Below Surface

00216025 [ 0.0518749

X1=A
X2=C

Actual Factor
B=8

(©

Factor Coding: Actual 3D Surface

f

00216025 [ 0.0518749

X1=8
X2=C

Actual Factor
A =105

B: Q (lit/min)

Fig. 7. The effect of different parameters on friction factor; (a) f'versus Q and C; (b) f'versus C and T; (c) f'versus Q and T

This figure clearly illustrates that the value of f experiences a substantial decrease as the concentration increases.

Furthermore, changes in Q had little impact on /. The mentioned results are in agreement with the results of [39].
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4.3. Optimum response

Optimization was done on the friction factor of the PAM drag reducer agent to achieve a minimum value. This
optimization involved adjusting the C, O and T of the polymeric solution. In order to optimize the process, the f of
the polymeric solution was minimized by applying the correlation developed through RSM. The configurations
outlined in Table 8 were utilized for this purpose. Results displays the optimum points for the £, according to which
the fof 0.022 in the C=182.111 ppm, T=30 "C and Q=10 L/min is optimum. Fig. 8(a,b) illustrates the optimal values

for different C and T. The figure illustrates that the highest level of desirability is observed at more concentrations.

Table 8. Related parameters to optimization of friction factor

Name Goal Lower limit | Upper limit | Lower weight | Upper weight | Importance
A:C | isinrange 10 200 1 1 3
B:Q | isinrange 6 10 1 1 3
C:T | isinrange 30 50 1 1 3

f minimize 0.0216025 0.0518749 1 1 3
(a) Factor Coding: Actual Desirabil I'ty
Desirability
@ Design Points
o [ 1
X1=A
x2=c
Actual Factor
B = 9.99998
g
=
o
10 48 36 124 162 200
A: C(ppm)
(b) Factor Coding: Actual f
f
@ Design Points
0.0216025 [JININ 0.0518749
X1=A
x2=c
Actual Factor
B = 9.99998
g
=
o

10 48 86 124 162 200

A:C (ppm)

Fig. 8. Optimal values of friction factor in different concentrations (a) desirability (b) /'

4.4. Modified model



B. Raei/ Chemical Process Design, Vol.4, No.1 (2025) 44-59 55

In RSM, ANOVA is typically conducted to determine the P-value associated with each factor. If the P-value is below
0.05, suggesting that the factor's effect on the response variable is important, it can be regarded as a significant factor.
If the P-value is greater than 0.1, it suggests that the influence of the factor on the response variable is not statistically
important and can be considered disregarded. Eq. (7) takes into account all actual factors and is lengthy and
complicated. Numerous factors presented in ANOVA Table 6 exhibit P values exceeding 0.1, suggesting that these
factors lack significance and can therefore excluded from the ANOVA table to simplify the model. Following this
simplification, the ANOVA table is displayed in Table 9. The simplified correlation is presented in Eq. (8).

£ =-0.013227 - 0.000140C — 0.0010810 + 0.002727T +3.82587 x 10"’ C* —0.000026 x T"> ()

Table 9. ANOVA outcome for modified model

Source | Sum of Squares | df | Mean Square | F-value | p-value
Model 0.0014 5 0.0003 188.88 [ <0.0001 | significant |
A-C 0.0006 1 0.0006 381.80 | <0.0001
B-Q 0.0001 1 0.0001 55.18 | <0.0001
C-T 0.0007 1 0.0007 440.99 | <0.0001
A? 0.0001 1 0.0001 46.60 <0.0001
c? 0.0000 1 0.0000 27.53 | <0.0001
Residual 0.0000 21 1.525E-06
Cor Total 0.0015 26

4.5. Comparison of models

Very limited studies have been done to provide equations for predicting of friction factor of drag reducing agents.
We can refer to Ozbayoglu & Ercan [63] and Ozmen & Boersma [37] equations. Fig. 9 shows the ability of Ozbayoglu
& Ercan [63] and Ozmen & Boersma [37] equations as well as the RSM model (proposed in the present study) to
predict the friction factor of the drag reducing agent. As it is clear from the Fig. 9, the RSM model has been able to

perform the prediction with a very good accuracy, but the other two equations do not have such ability.

0.08
o Exp PAM
...... RSM C =100 ppm
T=30C
0.06 = = Ozbayoglu&Ercan Eq D=127 mm
e Blasius
~ — \JirK
004 1 eeeen. Ozmen&Boersma Eq
[0 R TP —
[ PrreTe— o)
0.02
0 —
6000 10000 Re 14000 18000 22000

Fig. 9. Comparison of different models in predicting of friction factor

Table 10 shows the accuracy of the three mentioned equations in predicting the friction factor, with different scales.
The Average Absolute Relative Deviation (AARD%) in prediction for RSM, Ozbayoglu & Ercan [63],and Ozmen &
Boersma [37] equations was 2.4, 89.6, and 50.9%, respectively. In addition, the prediction of friction factor by
Ozbayoglu & Ercan [63] equation is lower than the asymptotic value of Virk's [2] equation, which is in contradiction

with Virk's [2] results.
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Table 10. The comparison between the results of the RSM model and other
models for prediction of friction factor

Model AARD% MSE? RMSE* | Maximum MOD*%
RSM (present study) 2.4 4.04x107 | 0.000636 2.9
Ozbayoglu&Ercan [63] 89.6 0.154 0.392 90
Ozmen&Boersma [37] 50.9 0.000183 0.0135 58

5. Conclusion

In this research, we studied experimentally and statistically the drag reduction property of PAM inside the horizontal
smooth circular pipe under turbulent flow regime using response surface methodology (RSM). RSM was effectively
utilized in this study, yielding equations that accurately predict the friction factor of the PAM. RSM provided different
equations to calculate friction factor based on independent parameters such as C, 7 and Q. The quadratic model has
been demonstrated to be superior to the other models through the use of statistical parameters and plots. R?, adjusted
R2, predicted R? and Std. Dev parameters of the quadratic model were equal to 0.9856, 0.9780, 0.9594 and 0.0011
respectively, which signifies the accuracy of the model. As well, the difference between adjusted R? and predicted R?
is less than 0.019 indicates the high accuracy of the proposed model. The residual plot, the normal probability plot
and the predicted vs. actual plot also showed that quadratic model has a good accuracy, and is well capable of
predicting friction factor of the PAM. The experimental outcomes displayed that with increasing C, the friction factor
decreases intensely but, changes in O had little effect on friction factor. This trend was predicted by RSM methods
with very high accuracy. The optimum combination for better friction factor was found at C = 182.111 ppm, T =45

°C and Q=10 L/min.

Nomenclature
Symbols p Density
C Concentration Subscripts
Cr Fanning friction factor Exp experimental
Da Dalton Abbreviation
f Darcy friction factor CMC Carboxymethyl cellulose
g Gravitational acceleration DOE Design of experiment
ar gram DR Drag reduction
hp horsepower DRAs Drag reducing agents
1 Litter DRPs Drag reducing polymers
k Coefficient for T-junction DwW Deionised water
L Tube Length GG Guar Gum
M Molecular weight MDR Maximum drag reduction
P Pressure ppm Parts per million
Q Volume flow rate PAA Polyacrylic acid
T Temperature PAM Polyacrylamide
u Velocity PAN Polyacrylonitrile
Greek symbols PEO Polyethylene oxide
€ Roughness PID Proportional—integral derivative
[ Viscosity XG Xanthan Gum
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